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PHA Blends 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of United States Application No. [Attorney 
Docket No. 14074-007001], entitled "PHA Adhesive Compositions " filed on even date herewith 
and claims the benefit of United States Provisional Applicafion No.: 60/449,187, entitled "PHA 
5 Adhesive Compositions," filed on February 2 1 , 2003 . The contents of both of these applications 
are hereby incorporated by reference in their entireties. 

TECHNICAL FIELD 

This invention relates to blends containing two or more polyhydroxyalkanoates (PHAs), 
and related methods and articles. 

10 BACKGROUND 

Polymers can be used as raw materials for the fabrication of a wide array of products. 
The end use of a particular polymer can sometimes be dictated by its physical properties. One or 
more physical properties of a polymer can be modified by blending it with another material. 

SUMMARY 

15 This invention relates to blends containing two or more polyhydroxyalkanoates (PHAs, 

also referred to herein as PHA blend components), and related methods and articles. In general, 
the PHA blends have one or more properties (e.g., flexibility) that are enhanced relative to the 
same one or more properties of the individual PHA blend components. In some embodiments, 
the blends can have two or more PHA blend components present in unequal amounts, and one or 

20 more properties of the blends are enhanced relative to the same one or more properties of the 
maj ority PHA blend component. 

In one aspect, this invention features blends that have a first PHA and a second PHA, in 
which the second PHA is different fi-om the first PHA and is blended with the first PHA. An 
amount of the first PHA in the blend is greater than an amount of the second PHA in the blend, 

25 and a stiffness of the blend is less than a stifi&iess of the first PHA. When the first PHA and the 
second PHA are blended, and the blend is molded, the blend has a deformation angle tolerance of 
at least about 5°. 
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In another aspect, this invention features blends that have a first PHA and a second PHA, 
in which the second PHA is different from the first PHA and is blended with the first PHA. An 
amount of the first PHA in the blend is greater than an amount of the second PHA in the blend, 
and a stiffness of the blend is less than a stif&ess of the first PHA. When the first PHA and the 
5 second PHA are blended, and the blend is molded, the blend has a thermal deformation 
resistance temperature of at least about 80°C. 

In a further aspect, this invention features blends that have a first PHA and a second 
PHA, in which the second PHA is different firom the first PHA and is blended with the first PHA. 
An amount of the first PHA in the blend is greater than an amount of the second PHA in the 
10 blend, and a stifi&iess of the blend is less than a stiffhess of the first PHA. When the first PHA 
and the second PHA are blended, and the blend is molded, the blend has a deformation angle 
tolerance of at least about 5° and a thermal deformation resistance temperature of at least about 
80^C. 

In one aspect, this invention features adhesive PHA blends that have a first PHA and a 

15 second PHA, in which the second PHA is different fi-om the first PHA and is blended with the 

first PHA. An amoimt of the first PHA in the blend is greater than an amount of the second PHA 
in the blend, and a stiffiiess of the blend is less than a stiffiiess of the first PHA. The adhesive 
blends have a surface tack time value of at most about 15 seconds. When exposed to a pressure 
of at most about 100 psig, the adhesive blend can form a bond with a surface or itself, the bond 

20 having a peel bond strength of at least about 10 N/m. 

In another aspect, this invention features PHA blends that have a first PHA, and a second 
PHA. The second PHA is different from the first PHA and the second PHA is a copolymer 
having at least three comonomers, in which each of the comonomers is different from one 
another. An amount of the first PHA in the blend is greater than an amount of the second PHA 

25 in the blend, and a stiffiiess of the blend is less than a stiffiiess of the first PHA. When the first 
PHA and the second PHA are blended, and the blend is molded, the blend has a deformation 
angle tolerance of at least about 5°. 

In another aspect, this invention features PHA blends that have a first PHA, and a second 
PHA. The second PHA is different fi-om the first PHA and the second PHA is a copolymer 

30 having at least three comonomers, in which each of the comonomers is different fi"om one 

another. An amount of the first PHA in the blend is greater than an amount of the second PHA in 
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the blend, and a stiflfiiess of the blend is less than a stiflfoess of the first PHA. When the first 
PHA and the second PHA are blended, and the blend is molded, the blend has a thermal 
deformation resistance temperature of at least about 80°C. 

In another aspect, this invention features adhesive PHA blends that have a first PHA, and 
5 a second PHA. The second PHA is different fi-om the first PHA and the second PHA is a 

copolymer having at least three comonomers, in which each of the comonomers is different fi'om 
one another. An amount of the first PHA in the blend is greater than an amount of the second 
PHA in the blend, and a stiffiiess of the blend is less than a stiffiiess of the first PHA. The 
adhesive blends have a surface tack time value of at most about 15 seconds. When exposed to a 
10 pressure of at most about 100 psig, the adhesive blend can form a bond with a surface or itself, 
the bond having a peel bond strength of at least about 10 N/m. 

Embodiments can include one or more of the following features. 

The blend can have a stiffiiess of at most about 250 MPa. 

The blends can have a deformation angle tolerance of at least about 15^, at least about 
15 30°, at least about 60°, at least about 90°, at least about 120°, or at least about 150°. 
The first PHA and the second PHA can both be homopolymers. 
The first PHA can be a homopolymer, (e.g., poly(3-hydroxybutyrate), polylactic acid, 
polyglycolic acid). The second PHA can be a copolymer having a first comonomer (e.g., 3- 
hydroxybutyrate) and a second comonomer (e.g., lactic acid, glycolic acid, 3-hydroxypropionate, 
20 3-hydroxyvalerate, 3-hydroxyhexanoate, 3-hydroxyheptanoate, 3-hydroxyoctanoate, 3- 

hydroxynonaoate, 3-hydroxydecanoate, 3-hydroxydodecanoate, 3-hydroxydodecenoate 3- 
hydroxytetradecanoate, 3-hydroxyhexadecanoate, 3-hydroxyoctadecanoate, 4-hydroxybutyrate, 
4-hydroxyvalerate, 5-hydroxyvalerate, and 6-hydroxyhexanoate) in which the first comonomer is 
different fi-om the second comonomer. 
25 The first PHA can be a copolymer having a comonomer 1-A and a comonomer 1-B and 

the second PHA can be a copolymer having a comonomer 2- A and a comonomer 2-B. 

In some embodiments, comonomer 1-A and comonomer 2-A can be the same 
comonomer (e.g., both are 3-hydroxybutyrate) and comonomer 1-B and comonomer 2-B are 
different fi:om one another and different firom comonomer 1-A and comonomer 2-A. The first 
30 PHA copolymer may contain at most about 99 percent by weight of comonomer 1-B, at most 
about 50 percent by weight of comonomer 1-B, at most about 15 percent by weight of 
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comonomer 1-B, at most about 7 percent by weight of comonomer 1-B, at most about 1 percent 
by weight of comonomer 1-B. The second PHA copolymer may contain at most about 99 
percent by weight of comonomer 2-B, at most about 50 percent by weight of comonomer 2-B, at 
most about 35 percent by weight of comonomer 2-B, at most about 15 percent by weight of 
5 comonomer 2-B, at most about 5 percent by weight of comonomer 2-B. In some embodiments, 
comonomer 1-B and comonomer 2-B can be any one of 3-hydroxyvalerate, 4-hydroxybutyrate, 
3-hydroxyhexanoate, or 3-hydroxyoctanoate. 

In other embodiments, the first PHA copolymer and the second PHA copolymer can be 
the same copolymer, in which the ratio of comonomer l-A:comonomer 1-B is different from the 

10 ratio of comonomer 2-A:comonomer 2-B. Comonomer 1-A and comonomer 2-A can both be 3- 
hydroxybutyrate. Comonomer 1-B and comonomer 2-B can both be 3-hydroxypropionate, 4- 
hydroxybutyrate, 3-hydroxyhexanoate, or 3-hydroxyoctanoate, 3-hydroxypropionate, 6- 
hydroxyhexanoate, 3-hydroxydecanoate, 3-hydroxydodecanoate, or 3-hydroxydodecenoate. 

The first PHA can be a homopolymer and the second PHA can be a copolymer having at 

15 least three comonomers, in which each of the comonomers is different from one another. The 
first PHA can be poly(3-hydroxybutyric acid) and the second PHA can be poly(3- 
hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) or poly(3-hydroxybutyrate -co- 
3-hydroxyhexanoate-co-3-hydroxyoctanoate-co-3-hydroxydecanoate-co-3-hydroxydodecanoate- 
co-3-hydroxydodecenoate). 

20 The blends may contain at least about 90 % by weight of the first PHA, at least about 70 

% by weight of the first PHA, at least about 51 % by weight of the first PHA, and at most about 
49 % by weight of the second PHA, at most about 30 % by weight of the second PHA, at most 
about 10 % by weight of the second PHA. 

The first PHA can have a first molecular weight and the second PHA can have a second 

25 molecular weight, in which the first molecular weight can be from about 10,000 Daltons to about 
1,600,000 Daltons and second molecular weight can be from about 10,000 Daltons to about 
1,600,000 Daltons. 

In some embodiments, the first molecular weight can be from about 200,000 Daltons to 
about 650,000 Daltons and second molecular weight can be from about 200,000 Daltons to about 
30 650,000 Daltons. 
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In other embodiments, one PHA can have a molecular weight that is at most about 
200,000 Daltons, and the other PHA can have a molecular weight that is at most about 1,000,000 
Daltons. 

In still other embodiments, the first molecular weight and the second molecular weight 
5 can both be at most about 750,000 Daltons. 

In some embodiments, one PHA can have a molecular weight that is about ten times 
greater than the molecular weight of the other PHA, about six times greater than the molecular 
weight of the other PHA, about three times greater than the molecular weight of the other PHA, 
about the same as the molecular weight of the other PHA. 
10 The first PHA can have a first glass transition temperature and the second PHA can have 

a second glass transition temperature, in which the difference between the first and second glass 
transition temperatures is at least about 1°C, at least about 5°C, at least about 40°C, at least about 
60°C, at least about 70°C, at least about 80°C, at least about 90°C, at least about 100°C, at least 
about I05°C, at least about 110°C, at least about 120^^0. 
15 The first PHA can have a first melt temperature and the second PHA can have a second 

melt temperature, wherein the difference between the first and second melt temperatures is at 
least about 10°C, or at least about 50°C. 

The first PHA can have a first Hansen solubility parameter and the second PHA can have 
a second Hansen solubility parameter, in which the difference between the first and second 
20 Hansen solubility parameters is at least about 0.02 J/mol, at least about 0.04 J/mol, at least about 
0.05 J/mol, at least about 0.10 J/mol. 

The blends can be miscible blends. 
The blends can be immiscible blends. 
The blends can be partially miscible blends. 
25 The blends can have a thermal deformation resistance temperature of at least about 85°C, 

at least about 90°C, at least about 100°C, at least about 120°C. 

The first PHA copolymer can have a first glass transition temperature, a first melt 
temperature, and a first Hansen solubility parameter, and the second PHA copolymer can have a 
second glass transition temperature, a second melt temperature, and a second Hansen solubility 
30 parameter. 
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In some embodiments, both the first glass transition temperature and the first melt 
temperature are greater than and more positive than the second glass transition temperature and 
the second melt temperature. 

In other embodiments, the blends can have a single glass transition temperature and a 
5 single melt temperature. 

In still other embodiments, the glass transition temperature of the blend is substantially 
similar to the second glass transition temperature and the melt temperature of the blend is 
substantially similar to the first melt temperature. 

The difference between the first Hansen solubility parameter and the second Hansen 
10 solubility parameter can be at most about 0.04 J/mol, or at least about 0.05 J/mol. 

PHA blends can have a first PHA copolymer having a comonomer 1-A and a comonomer 
1-B blended with a second PHA copolymer having a comonomer 2- A and a comonomer 2-B. In 
some embodiments, the first PHA copolymer can have a first Hansen solubility parameter and 
the second PHA copolymer can have a second Hansen solubility parameter, in which the 
15 difference between the first and second Hansen solubiUty parameters is at least about 0.02 J/mol. 
In some embodiments, the first PHA copolymer contains at most about 15 percent by weight of 
comonomer 1-B and the second PHA copolymer contains at most about 50 percent of 
comonomer 2-B. In some embodiments, one PHA copolymer can have a molecular weight that 
is at most about 200,000 Daltons, and the other PHA copolymer can have a molecular weight 
20 that is at most about 1,000,000 Daltons. 

The blends can fiirther include an additive selected firom a starch, thermoplastic starch, a 
polybutylene succinate, a synthetic biodegradable resin, a polylactic acid, a polyglycolic acid 
celuUosic materials, a plant fiber, or a polyolefin. 

The blends can have a surface tack time value of, for example, at most about 15 seconds. 
25 The blends can have an open time of, for example, at least about 10 minutes. 

The compositions can fiirther include one or more solvents. 

The compositions may contain one or more adhesive additives (e.g., one or more 
tackifiers, cross-linking agents, initiiators, colorants, waxes, stabilizers and/or plasticizers). 

The pressure can be, for example, at most about 50 psig. 
30 The peel bond strength can be, for example, at least about 100 N/m. 



6 



14074-014001 / 



In another aspect, this invention features PHA blends that contain a first PHA and a 
second PHA, in which the first PHA can be a homopolymer having a monomer repeat iinit of 
formula (I), 



R^' H 




(I) 



H H 



or a copolymer having monomer repeat units of formula (II) and formula (III): 




in which R' is different from and/or m is different from n; and the second PHA can 
be a homopolymer having a monomer repeat unit of formula (IV): 



R^" H O 




or a copolymer having monomer repeat units of formula (V) and formula (VI): 



r2 H O R^' H O 
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in which is different from R^' and/or p is different from q; and in which each of R"", 
R\ R'", R^ and R^" is H or Ci-Ce alkyl, and each ofm\ m, n, p\ p, and q is 1 , 2, or 3. In 
certain embodiments, when R^ is CH3, R^' is CH2CH3, and p and q are 1, then (a) R"' and m'' 
5 cannot be simultaneously CH3 and 1, respectively. In some embodiments, R"" and R^** cannot 
both be CH3 when m'' and p*' are both 1. 

The first PHA can be a homopolymer. 

R"* can be C1-C3 alkyl and m"* can be 1. 

R"'canbeCH3. 

10 The second PHA can be a homopolymer or a copolymer, 

R^ can be C1-C3 alkyl and R^' can be C2-C6 alkyl. 
R^ can be C1-C3 alkyl and R^ can be H. 
p can be 1 and q can be 2. 
R^canbeCHs. 

1 5 A copolymer may contain at most about 50 per cent of monomer repeat units of formula 

(VI). 

The first PHA and the second PHA can both be copolymers. 
R' can be C1-C3 alkyl and R*' can be C2-C6 alkyl. 
p and q can both be 1 . 

20 R' can be CH3 and R^' can be CH2CH3, CH2CH2CH3, or CH2CH2CH2CH2CH3. 

R' can be C1-C3 alkyl and R' can be H. 
p can be 1 and q can be 2. 
R' canbeCHs. 
R^ and R*' can both be H. 

25 A copolymer may contain at most about 1 5 per cent of monomer repeat units of formula 

(HI). 

R^ can be C1-C3 alkyl and R^' can be C2-C6 alkyl. 
p and q can both be 1. 

R^ can be CH3 and R^' is CH2CH3, CH2CH2CH3, or CH2CH2CH2CH2CH3. 
30 R^ can be Ci -C3 alkyl and R^' can be H. 

p can be 1 and q can be 2. 
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can be CH3. 
and R^' can both be H. 
A copolymer may contain at most about 50 % of monomer repeat units of formula (VI). 
The first PHA copolymer and the second PHA copolymer can be the same. 
5 Other embodiments may include any of the features described above. 

Li one aspect, this invention features an article that contains at least about 1 percent by 
weight, at least about 10 percent by weight, at least about 50 percent by weight, at least about 99 
percent by weight of one or more of any of the PHA blends described herein. 

In another aspect, this invention features a method of designing a PHA blend, the method 
10 includes selecting two or more PHA blend components on the basis of the Hansen solubility 
parameters of the PHA blend components. 

In a further aspect, this invention features a method of preparing a PHA blend, the 
method includes blending a first PHA and a second PHA. In some embodiments, the first PHA 
and second PHA are solvent blended. In some embodiments, the first PHA and second PHA are 
15 emulsion blended. In some embodiments, the first PHA and second PHA are melt blended. 

In one aspect, this invention features an article that includes a substrate having a surface; 
and an adhesive blend that contains a first PHA, and a second PHA, in which the second PHA is 
different fi-om the first PHA and is blended with the first PHA. An amount of the first PHA in 
the blend is greater than an amount of the second PHA in the blend, and a stif&iess of the blend 
20 is less than a stiffiiess of the first PHA. The blend is supported by the surface of the substrate. 
The blend has a surface tack time value of at most about 15 seconds, and, when exposed to a 
pressure of at most about 100 psig, the blend can form a bond with a surface of a second 
substrate, the bond having a peel bond strength of at least about 10 N/m. 

In another aspect, this invention features an article that includes a substrate having a 
25 surface; and an adhesive blend that contains a first PHA, and a second PHA, in which the second 
PHA is different fi-om the first PHA and is blended with the first PHA. An amount of the first 
PHA in the blend is greater than an amount of the second PHA in the blend, and a stiffiiess of the 
blend is less than a stiffiiess of the first PHA. The blend is supported by the surface of the 
substrate. The blend has a surface tack time value of at most about 15 seconds, and the blend has 
30 an open time of at least about 70 minutes. 
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In a further aspect, this invention features a method, the method includes contacting a 
blend with a surface of an article and processing the blend to form a layer. The layer has a 
surface tack time value of at most about 15 seconds, and when exposed to a pressure of at most 
about 100 psig, the layer can form a bond, the bond having a peel bond strength of at least about 
5 10 Nm'^ The blend contains a first PHA, and a second PHA, in which the second PHA is 
different from the first PHA and is blended with the first PHA. 

In one aspect, this invention features a method, which includes pressing a PHA blend 
between at least two surfaces to form a pressed PHA blend, the blend having a first PHA, and a 
second PHA, in which the second PHA is different from the first PHA and is blended with the 
10 first PHA and an amount of the first PHA in the blend is greater than an amount of the second 
PHA in the blend, and a stiffiiess of the blend is less than a stiffiiess of the first PHA; and 
separating the surfaces to expose the pressed PHA blend, the pressed PHA blend having a 
surface tack time value of at most about 15 seconds, in which when exposed to a pressure of at 
most about lOOpsig, the pressed PHA blend can form a bond with a surface, the bond having a 
15 peel bond strength of at least about lON/m. 

Embodiments may have one or more of the following advantages. 

In some embodiments, a relatively stiff, high melting PHA can be blended with a 
relatively flexible, lower melting PHA to provide a relatively high melting, flexible PHA blend. 

In certain embodiments, the blends are on the one hand readily amenable to molding or 
20 shaping (e.g., as a stirrer, a spoon), but still are able to maintain their shape integrity when 
exposed to relatively high temperature materials (e.g., coffee, a baked potato). 

In some embodiments, the PHA blends can be usefiil, e.g., for manufacturing articles for 
the food industry, e.g., molded utensils, food storage trays, food wraps, coated paper for cups, 
papers and wraps for fast food sandwiches, injection molded cups, blow molded bottles. In some 
25 embodiments, these articles can be manufactured, e.g., by injection molding, sheet extrusion, 
coextruded films, blown film, cast film, extruded fiber, blown fiber, spun-bonded fiber, 
hydroentangled fiber, blown foam, cast fihn, thermofoaming, or rotomolding conversion 
processes. 

In some embodiments the PHA blends can be usefiil e.g. for manufacturing articles for 
30 the consumer products industry, e.g. fibers, non-wovens, diapers, feminine hygiene articles, wet 
wipes, or for medical applications such as hospital gowns and drapes. 
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In some embodiments the PHA blends can be useful e.g. for manufacturing articles for 
the automotive industry, e.g. fibers, non-wovens, carpets, mats, soundproofing and molded parts. 

In some embodiments the PHA blends can be useful e.g. for the packaging industry e.g. 
films, coated papers, laminates, tapes, adhesives bottles and containers. 

In some embodiments the PHA blends can contain other materials including nucleating 
agents, plasticizers, slip agents, fillers, thermal stabilizers and the like. 

In some embodiments the PHA blends can be useful e.g. for blending with other 
materials including thermoplastic starches, polyglycolic acid polymers, polyvinyl alcohol 
polymers, polylactic acid polymers, or synthetic biodegradable polymers. 

In certain embodiments, the molecular weights of the individual blend components are 
generally above 10^ Daltons, which can reduce the likelihood that a blend is extractable into a 
liquid or solid contact media. 

In certain embodiments, the PHA blends can have good adhesive properties. In some 
embodiments, the PHA blend can be a relatively tacky adhesive composition, e.g., a pressure 
sensitive adhesive composition. In some applications, a surface coated with a PHA blend 
adhesive composition can be contacted with a second, uncoated surface using relatively light 
pressure to form an adhesive bond between the two surfaces. 

In other embodiments, the PHA blends can be a relatively non-tacky adhesive 
composition , e.g., a contact adhesive composition or hot melt adhesive. In some applications, a 
surface coated with a PHA blend contact adhesive composition can be contacted with a second, 
coated or uncoated surface using relatively light pressure to form an adhesive bond between the 
two surfaces. When the surfaces are contacted xmder appropriate conditions of temperature 
and/or pressure, an adhesive bond can form between the surfaces. 

Other features and advantages of the invention will be apparent fi:om the description and 
from the claims. 

DETAILED DESCRIPTION 

This invention relates to blends containing two or more polyhydroxyalkanoates (PHAs, 
also referred to herein as PHA blend components), and related methods and articles. 

In certain embodiments, a PHA blend can have relatively high flexibility. For example, 
in some embodiments, a PHA blend can have a relatively high deformation angle tolerance when 
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molded into an article (e.g. a sheet, a film , a strip), and flexed so as to bring two ends of the 
article closer together. In certain embodiments, the deformation angle tolerance is at least about 
P (e.g., at least about 5°, at least about lO"", at least about 15°, at least about 20°, at least about 
25°, at least about 30°, at least about 40°, at least about 50°, at least about 60°, at least about 70°, 
5 at least about 80°, at least about 85°, at least about 90°, at least about 95°, at least about 100°, at 
least about 1 10°, at least about 115°, at least about 120°, at least about 125°, at least about 130°, 
at least about 140°, at least about 150°). 

As used herein, the deformation angle tolerance of a PHA blend is detemiined as follows. 
The PHA blend components are blended in a Brabender single extruder or twin screw extruder or 

10 other melt processing equipment. The processing conditions include exposing the blends to a 
temperature regime that is between the peak melting temperature of the lowest melting PHA (as 
determined by differential scanning calorimetry, DSC) and 200*^0 for a period of less than five 
minutes. The peak melting temperature of the lowest melting PHA is referred to herein as 
Tm(PHAa). In some embodiments; the temperature profile is: feed zone: between 170°C and 

15 Tm(PHAa) + 30T (where Tm(PHAa) is less thanl40°C); zone 1 : between 165°C and 

Tm(PHAa) + 25°C; zone 2: between 160T and Tm(PHAa)+ 20°C; zone 3: between 160^C and 
Tm(PHAa)+ 20^C; die: between 160^C and Tm(PHAa)+ lO^C. The molten PHA blend is 
extruded as a strand and passed through a water bath at a temperature between lO^C and SO^'C to 
crystallize prior to being cut into pellets or imderwater pelletized. The pellets are dried to 

20 remove residual moisture and then converted into a sheet or bar by compression molding, 

injection molding or sheet extrusion. For compression molding a temperature of between 200°C 
and the DSC peak melting of the lower melting PHA (referred to herein as Tm(PHAp) +10°C is 
used. In certain embodiments, a compression molding temperature of 160°C to 1 10°C is found to 
provide acceptable flow of the polymer. The flexibility of the PHA blend is measured on film 

25 samples of a thickness that is between 0.1mm and 0.5mm. Deformation angle tolerance 

specimens (2.54 cm wide and 15cm long) are either molded or cut firom larger film samples. 
The specimens are flexed at room temperature by placing the specimen on a horizontal surface 
and raising one half of the length of the specimen off of the surface while keeping the other half 
stationary. The angle formed between the raised half of the specimen and the horizontal surface 

30 is the deformation angle. This angle is measured directly using a protractor. The deformation 
angle tolerance refers to the maximum angle that can be formed without breaking the specimen. 
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In certain embodiments, a PHA blend can be relatively resistant to loss in shape integrity 
when exposed to relatively high temperatures. For example, in some embodiments, a PHA blend 
can have a relatively high thermal deformation resistance temperature when molded into an 
article (e.g. a sheet, a film , a strip), immersed in a liquid or solid media that simulates a hot 
5 beverage, e.g., coffee, or hot foodstuff, e.g., a baked potato, for a particular time period, and 

subjected to flexing. In certain embodiments, the thermal deformation resistance temperature is 
at least about 80°C (e.g., at least about 85^C, at least about 90°C, at least about 100°C, at least 
about 105°C, at least about 1 10°C, at least about 120°C. 

As used herein the thermal deformation resistence temperature is determined as follows. 

10 Thermal deformation resistence temperature specimens are prepared as described for the 

deformation angle tolerance specimens,except that the length of the specimen is 7.5cm and the 
thickness of the specimen is increased to between 1mm and 2mm. Alternatively, fabricated 
molded items may be used in the evaluation, e.g., injection molded knife, fork, spoon or molded 
cup. The specimen is totally immersed in an inert liquid at SS^'C for a period of 5 minutes (the 

15 specimen can also be immersed in an inert liquid at any test temperature between 80°C and 

120°C). The liquid should not dissolve, react with, or be plasticizer for the PHA. The specimen 
is then removed from the liquid and held in a horizontal position at a point 5cm from one end of 
the specimen under ambient conditions. The thermal deformation resistance temperature is the 
temperature at which the end of the specimen does not deflect more than 3mm from the 

20 horizontal position. 

In certain embodiments, the PHA blends described herein may have a relatively high 
flexibility and a relatively high service temperature. In other embodiments, the PHA blends may 
have a relatively high flexibility and/or a relatively high service temperature in combination with 
other usefiil properties, e.g., increased rate of biodegradabihty. 

25 In certain embodiments, the PHA blends described herein may have a relatively low 

stiffness. In some embodiments, a PHA blend can have two or more PHA blend components 
present in unequal amounts, and the stiffiiess of the blend is less than the stiffiiess of the majority 
PHA blend component. In certain embodiments, PHA blends can have a stiffiiess of at most 
about 250 MPa (e.g., at most about 225 MPa, at most about 200 MPa, at most about 175 MPa, at 

30 most about 1 50 MPa). 
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A "biaxial tear test" can be used to evaluate stif&ess of the PHA blends described herein. 
The test includes tensile loading of a 3-inch wide by 0.5 inch long strip of film along its longer 
edges, sing an Instron universal testing machine, after a 1 inch-long precut is placed in the center 
of the specimen using a sharp razor blade. The mode of loading applied at the tip of the 
5 preexisting cut is the cleavage mode, or tensile-opening mode, known as Mode 1. The load 
experienced by the film upon drawing is recorded by the load cell to construct the load- 
displacement curve characteristic of the material. From the above experimental curve, it is 
possible to derive measures of stifi&iess. 

In certain embodiments, a PHA blend adhesive composition can have a relatively low 

10 surface tack. For example, in some embodiments, a PHA blend adhesive composition can be 
substantially non-tacky to the touch prior to its use in forming an adhesive bond between two 
surfaces. In certain embodiments, a PHA blend adhesive composition can have a surface tack 
time value of at most about 15 seconds (e.g., at most about 12 seconds, at most about 10 seconds, 
at most about 9 seconds, at most about 8 seconds, at most about 7 seconds, at most about 6 

15 seconds, at most about 5 seconds, at most about 4 seconds, at most about 3 seconds, at most 

about 2 seconds, at most about 1 second, at most 0.5 second, at most 0.1 second, zero seconds) 
prior to its use in forming an adhesive bond between two surfaces. 

As referred to herein, the surface tack time value of a PHA blend adhesive composition is 
determined as follows. A galvanised steel washer having mass of 13.85 grams (g) with extemal 

20 diameter 38.17 millimeter (mm) and internal diameter 13.41 millimeter (mm) is placed onto a 
horizontally displaced surface that is coated with the PHA adhesive composition. The surface is 
then inverted, so that gravitational force on the object and the adhesive force of the composition 
on the object oppose each another. The time required for the object to fall from the surface is the 
surface tack time value of the PHA blend adhesive composition. In general, a PHA blend 

25 adhesive composition having a lower surface tack will have a shorter surface tack time value 
than a PHA blend adhesive composition having a higher surface tack. 

In some embodiments, a PHA blend composition can form a relatively strong bond 
between two surfaces when exposed to a relatively low laminating pressure. For example, in 
certain embodiments, a PHA blend adhesive composition can form an adhesive bond between 

30 two surfaces with a peel bond strength of at least about 10 Newtons per square meter (N/m^) 

(e.g., at least about 50 N/m^, at least about 100 N/m^, at least about 250 N/m^, at least about 500 
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N/m^ at least about 1000 N/m^) when the PHA blend adhesive composition is exposed to a 
laminating pressure of at most about 100 pounds per square inch gauge (psig) (e.g., at most about 
90 psig, at most about 80 psig, at most about 70 psig, at most about 60 psig, at most about 50 
psig, at most about 40 psig, at most about 30 psig, at most about 20 psig, at most about 15 psig, 
5 at most about 10 psig, at most about 5 psig, at most about 1 psig). 

As used herein, a laminating pressure refers to a pressure applied to the composition 
when it is in contact with both surfaces. 

As referred to herein, the peel bond strength of a bond between the two surfaces is 
determined according to the ASTM 1995-92 test method by placing the bonded surfaces in an 

10 Instron tensile testing machine and evaluating the force required to separate the surfaces using a 
90 degree peel angle and a crosshead speed of 25 millimeter/minute. 

In some embodiments, a PHA blend adhesive composition can have a relatively long 
open time. For example, in certain embodiments, a PHA blend adhesive composition can have 
an open time of at least about 10 minutes (e.g., at least about 50 minutes, at least about 70 

15 minutes at least about 100 minutes, at least about 200 minutes, at least about three hours, at least 
about six hours, at least about 12 hows, at least about 24 hours, at least about 48 hours, at least 
about 96 hours, at least about 120 hours). As used herein, the open time of a PHA blend 
adhesive composition refers to the maximum amount of time that the PHA blend adhesive 
composition can be exposed to ambient environmental conditions (e.g., ambient temperature, 

20 pressure, humidity) prior to its use in forming an adhesive bond. In some embodiments, the open 
time is generally an upper limit of permissible exposure and/or storage time of a PHA blend 
adhesive composition before the PHA blend adhesive composition is rendered a non-adhesive 
composition. In certain embodiments, the open time is exceeded when the PHA blend adhesive 
composition is unable to form an adhesive bond between two surfaces with a peel bond strength 

25 of at least about 10 nW when the compositions are exposed to a laminating pressure of at most 
about 100 psig. 

PHA compositions having desirable adhesive properties are disclosed, for example, in 
United States Patent AppUcation Serial No.: 60/449,187, filed on February 21, 2003, entitled 
"PHA Adhesive Compositions," which is incorporated herein by reference. 
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In general, the blends may contain any number of different PHA blend components (e.g., 
two different PHAs, three different PHAs, four different PHAs, five different PHAs, six different 
PHAs). 

In some embodiments, the blend may have two PHA components, e.g., a PHA(l) and a 
5 PHA(2), having at most about 1 weight percent of PHA(l) (e.g., at most about 3 weight percent 
of PHA(l), at most about 5 weight percent of PHA(l), at most about 10 weight percent of 
PHA(l), at most about 15 weight percent of PHA(l), at most about 20 weight percent of 
PHA(l), at most about 25 weight percent of PHA(l), at most about 30 weight percent of 
PHA(1), at most about 35 weight percent of PHA(l), at most about 40 weight percent of 

10 PHA(l), at most about 45 weight percent of PHA(l), at most about 50 weight percent of 
PHA(l), at most about 55 weight percent of PHA(l), at most about 60 weight percent of 
PHA(l), at most about 65 weight percent of PHA(l), at most about 70 weight percent of 
PHA(l), at most about 75 weight percent of PHA(l), at most about 80 weight percent of 
PHA(l), at most about 85 weight percent of PHA(l), at most about 90 weight percent of 

15 PHA(l), at most about 95 weight percent of PHA(l), at most about 99 weight percent of 

PHA(l)) and at most about 1 weight percent of PHA(2) (e.g., at most about 3 weight percent of 
PHA(2), at most about 5 weight percent of PHA(2), at most about 10 weight percent of PHA(2), 
at most about 15 weight percent of PHA(2), at most about 20 weight percent of PHA(2), at most 
about 25 weight percent of PHA(2), at most about 30 weight percent of PHA(2), at most about 

20 35 weight percent of PHA(2), at most about 40 weight percent of PHA(2), at most about 45 

weight percent of PHA(2), at most about 50 weight percent of PHA(2), at most about 55 weight 
percent of PHA(2), at most about 60 weight percent of PHA(2), at most about 65 weight percent 
of PHA(2), at most about 70 weight percent of PHA(2), at most about 75 weight percent of 
PHA(2), at most about 80 weight percent of PHA(2), at most about 85 weight percent of 

25 PHA(2), at most about 90 weight percent of PHA(2), at most about 95 weight percent of 

PHA(2), at most about 97 weight percent of PHA(2), and at most about 99 weight percent of 
PHA(2)). 

In some embodiments, the blend may have three PHA components, e.g., a PHA(l), a 
PHA(2), and a PHA(3), having at most about 1 weight percent of PHA(l) (e.g., at most about 3 
30 weight percent of PHA(1), at most about 5 weight percent of PHA(1), at most about 10 weight 
percent of PHA(l), at most about 15 weight percent of PHA(l), at most about 20 weight percent 
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of PHA(l), at most about 25 weight percent of PHA(l), at most about 30 weight percent of 
PHA(l), at most about 31 weight percent of PHA(l), at most about 32 weight percent of 
PHA(l), at most about 33 weight percent of PHA(l), at most about 34 weight percent of 
PHA(l), at most about 35 weight percent of PHA(l), at most about 36 weight percent of 
5 PHA(l), at most about 37 weight percent of PHA(l), at most about 38 weight percent of 

PHA(l), at most about 39 weight percent of PHA(l), and at most about 40 weight percent of 
PHA(l)); having at most about 1 weight percent of PHA(2) (e.g., at most about 3 weight percent 
of PHA(2), at most about 5 weight percent of PHA(2), at most about 10 weight percent of 
PHA(2), at most about 15 weight percent of PHA(2), at most about 20 weight percent of 

10 PHA(2), at most about 25 weight percent of PHA(2), at most about 30 weight percent of 
PHA(2), at most about 31 weight percent of PHA(2), at most about 32 weight percent of 
PHA(2), at most about 33 weight percent of PHA(2), at most about 34 weight percent of 
PHA(2), at most about 35 weight percent of PHA(2), at most about 36 weight percent of 
PHA(2), at most about 37 weight percent of PHA(2), at most about 38 weight percent of 

15 PHA(2), at most about 39 weight percent of PHA(2), and at most about 40 weight percent of 

PHA(2)); and at most about 1 weight percent of PHA(3) (e.g., at most about 3 weight percent of 
PHA(3), at most about 5 weight percent of PHA(3), at most about 10 weight percent of PHA(3), 
at most about 15 weight percent of PHA(3), at most about 20 weight percent of PHA(3), at most 
about 25 weight percent of PHA(3), at most about 30 weight percent of PHA(3), at most about 

20 35 weight percent of PHA(3), at most about 40 weight percent of PHA(3), at most about 45 

weight percent of PHA(3), at most about 50 weight percent of PHA(3), at most about 55 weight 
percent of PHA(3), at most about 60 weight percent of PHA(3), at most about 65 weight percent 
of PHA(3), at most about 70 weight percent of PHA(3), at most about 75 weight percent of 
PHA(3), at most about 80 weight percent of PHA(3), at most about 85 weight percent of 

25 PHA(3), and at most about 90 weight percent of PHA(3)). 

In some embodiments, the PHA blends may have at least about 51 weight percent of 
PHA(l) (at least about 55 weight percent of PHA(l), at least about 60 weight percent of PHA(l), 
at least about 70 weight percent of PHA(l), at least about 80 weight percent of PHA(l), at least 
about 90 weight percent of PHA(l), at least about 95 weight percent of PHA(l)) and at most 

30 about 49 weight percent (at most about 45 weight percent, at most about 40 weight percent, at 

most about 30 weight percent, at most about 20 weight percent, at most about 10 weight percent, 
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at most about 5 weight percent) of one of more other PHA blend components (PHA(2), PHA(3), 
etc.). 

In some embodiments, each of the PHA blend components can have a molecular weight 
of at least about 10, 000 Daltons and at most from about 100,000 Daltons to about 2,000,000 
5 Daltons (e.g., from about 100,000 Daltons to about 1,000,000 Daltons, from about 150,000 

Daltons to about 800,000 Daltons, from about 175,000 Daltons to about 750,000 Daltons, from 
about 200,000 Daltons to about 650,000 Daltons). As used herein, molecular weight refers to a 
weight average molecular weight, which is determined by gel permeation chromatography, 
using, e.g., chloroform as both the eluent and diluent for the PHA samples. Calibration curves 
10 for determining molecular weights can be generated using polystyrene molecular weight 
standards. 

In some embodiments, the blend may have two different PHA blend components in 
which one PHA can have a molecular weight of at least about 10, 000 Dahons and at most about 
200,000 Daltons (e.g., at most about 175,000 Daltons, at most about 150,000 Daltons, at most 

15 about 125,000 Daltons, at most about 100,000 Daltons) and the other PHA can have a molecular 
weight of at least about 50, 000 Daltons and at most about 1,000,000 Daltons (e.g., at most about 
900,000 Daltons, at most about 800,000 Daltons, at most about 750,000 Daltons, at most about 
650,000 Daltons). In other embodiments, the molecular weight of one PHA is about ten times 
greater than the molecular weight of the other PHA (e.g., about nine times greater, about eight 

20 times greater, about seven times greater, about six times greater, about five times greater, about 
four times greater, about three times greater, about two times greater). In other embodiments, 
the molecular weight of each of the two PHA blend components is about the same. 

In some embodiments, each of the PHA blend components can have a glass transition 
temperature (Tg) of from about -60°C to about 70**C (e.g., from about -SO'^C to about 65*'C, from 

25 about -30^C to about 30^C, from about -25T to about 15T, from about -20^C to about 10°C). 
As referred to herein, the Tg of a PHA is determined using differential scanning calorimetry 
(DSC) as follows. The sample is heated in a differential scanning calorimeter from e.g., -70°C to 
-I-200°C at 3^C/minute. The glass transition temperature is the inflection in the DSC heat capacity 
versus temperature curve. 

30 In some embodiments, the blend may have two different PHA blend components in 

which the difference in Tg between the two PHAs is at least about 1°C (e.g., at least about 5''C, at 
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least about 10°C, at least about 20°C, at least about 30°C, at least about 40°C, at least about 60°C, 
at least about 70*^0, at least about 80°C, at least about 90^C, at least about 100°C, at least about 
105°C, at least about 1 10°C, at least about 120°C). 

In some embodiments, each of the PHA blend components can have a melt temperature 
5 (Tm) of from about 50°C to about 190X (e.g., from about 55^C to about 180^C, from about 75°C 
to about 150°C, from about lOO^C to about 130**C. As referred to herein, the Tm of a PHA is 
determined using differential scanning calorimetry (DSC) as follows. The sample is heated in a 
differential scanning calorimeter from e.g., -70°C to +200°C at 3°C/minute. The melt temperature 
is determined from the DSC endotherm. 

1 0 In some embodiments, a PHA can have a polydispersity index (PDI) of at least about 1 .5 

(e.g., at least about 1.8, at least about 2.1, at least about 2.2, at least about 2.3, at least about 2.4, 
at least about 2.5, at least about 2.6, at least about 2.7, at least about 2.8, at least about 2.9, at 
least about 3.0, at least about 4.0, at least about 5.0, at least about 6.0, at least about 7.0, at least 
about 8.0, at least about 9.0, at least about 10.0). As referred to herein, the PDI of a PHA is 

1 5 calculated by dividing the weight average molecular weight of the PHA by the number average 
molecular weight of the PHA. The number average molecular weight of a PHA can be measured 
using gel permeation chromatography. 

A PHA can have a volume percent crystallinity of from about 0.1% to about 75% (e.g., 
from about 5% to about 60%, from about 20% to about 55%, from about 40% to about 50%). As 

20 referred to herein, the volume crystallinity of a PHA is determined from the data contained in the 
DSC heat capacity versus temperature curve and is calculated by dividing the crystalline mass of 
the PHA sample by the total mass of the PHA sample. 

In some embodiments, the blend may have two different PHA blend components in 
which the difference in Tm between the two PHAs is at least about lO^'C (e.g., at least about 

25 25°C, at least about 50°C, at least about 75°C, at least about 1 10°C, at least about 130°C). 

In some embodiments, PHA blend components can be selected on the basis of Hansen 
solubility parameters. As used herein, a Hansen solubility parameter of a PHA blend component 
are determined based upon: 6d, the dispersive or "nonpolar" parameter; 5p, the polar parameter; 
and 8h, the hydorgen bonding parameter. These parameters are related to the Hildebrand 

30 parameter, 5, by the expression: 5 = (5d ^ + 8p ^ + 5h ^)^^, see, e.g., Hansen, CM., Hansen 

Solubility Parameter, A User's Handbook, CRC Press, 1999. In certain embodiments, the blend 
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may have two different PHA blend components in which the difference in Hansen solubiHty 
parameter (6) between the two PHAs is at least about 0.02 J.mol (at least about 0.03 J/mol, at 
least about 0.04 J/mol, at least about 0.05 J/mol, at least about 0.06 J/mol, at least about 0.07 
J/mol, at least about 0.08 J/mol, at least about 0.09 J/mol, at least about 0.10 J/mol, at least about 
5 0.1 1 J/mol, at least about 0.12 J/mol). 

In some embodiments, the PHA blends, e.g., blends having two PHAs, can be miscible 
blends, immiscible blends, or partially miscible blends. 

As used herein, a "miscible blend" refers to a blend having a single, composition- 
dependent Tg and a single, composition-dependent Tm, the observed Tm resulting from a 
10 composition-dependent depression of the Tm of the higher melting component. The term 

"composition-dependent" as used herein means that the values of Tg and Tm vary linearly with 
the mole fractions of the PHA blend components. 

As used herein, an "immiscible blend" refers to a blend having composition-independent 
Tg(s) and Tm(s). The observed Tg(s) and Tm(s) of the immiscible blend are about the same in 
15 value to those of the neat components. In addition, the number of Tg(s) and Tm(s) of the 

immiscible blend is the same as the number of components, e.g., a two component PHA blend 
exhibits two composition-independent Tg(s) and two composition-independent Tm(s). 

As used herein, the term "partially miscible blend" refers to a blend having having two or 
more components and at least one Tg and and at least one Tm, e.g., a two component blend may 
20 have only one Tg and one Tm. The Tg(s) and Tm(s) of the partially miscible blend may vary 
with changes in composition, but do not necessarily vary linearly with the mole fractions of the 
PHA blend components, e.g., the Tgs and Tms of the blend may be substantially similar to those 
of the individual components. 

The Tg and Tm of PHA blends can be determined on melt-quenched samples of the 
25 blends, e.g., samples annealed at temperature that will destroy any thermal history and 
subsequently quenched in liquid nitrogen, using DSC as described previously. 

In some embodiments, a PHA blend may be a partially miscible blend having two PHA 
blend components, e.g., a PHA(l) and a PHA(2), with PHA(l) having a Tg and Tm that is 
greater than and more positive than the Tg and Tm of PHA(2). In some embodiments, the blend 
30 exhibits a single Tg, which is about the same as the Tg of PHA(2), and a single Tm, which is 

about the same as the Tg of PHA(l). While not wishing to be bound by theory, it is believed that 
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such a blend can be useful in the fabrication of articles that are both durable (e.g., high impact 
articles) and flexible because of the higher Tm and lower Tg, respectively. 

In certain embodiments , PHA blend components for miscible blends, immiscible blends, 
or partially miscible blends may be selected on the basis of the difference in Hansen solubility 
5 parameter, e.g., for a two component blend, the absolute value of the difference obtained by 

subtracting the Hansen solubility parameter of one PHA from the other PHA. While not wishing 
to be bound by theory, it is believed that the difference in Hansen solubility parameter can be 
used to determine a priori whether or not a blend will be a miscible blend, an immiscible blend, 
or a partially miscible blend. Again, while not wishing to be boimd by theory, it is believed that 

10 a difference in Hansen solubility parameter of about 0.05 J/mol or greater can generally result in 
a partially miscible or immiscible blend and a difference in Hansen solubility parameter of less 
than about 0.05 J/mol can generally result in a miscible blend. Thus, a method for designing a 
PHA blend on the basis of a Hansen solubility parameter is within the scope of this invention. 
The component PHAs may be homopolymers, copolymers, or any combination of 

15 homopolymers and copolymers, e.g:, two homopolymers, two copolymers, or one homopolymer 
and one copolymer The term "homopolymer" refers to polymers having the same monomer 
units. The term "copolymer" refers to a polymers having two or more (e.g., three, four, five, six, 
seven, eight, nine, ten) different monomer units (also referred to herein as comonomers or 
comonomer units) and includes, e.g., alternating, block, and random copolymers. 

20 Examples of monomer units (including comonomers and comonomer units)include lactic 

acid, glycolic acid, 3-hydroxybutyrate, 3-hydroxypropionate, 3-hydroxyvalerate, 3- 
hydroxyhexanoate, 3-hydroxyheptanoate, 3-hydroxyoctanoate, 3-hydroxynonaoate, 3- 
hydroxydecanoate, 3-hydroxydodecanoate, 3-hydroxydodecenaote 3-hydroxytetradecanoate, 3- 
hydroxyhexadecanoate, 3-hydroxyoctadecanoate, 4-hydroxybutyrate, 4-hydroxyvalerate, 5- 

25 hydroxyvalerate, and 6-hydroxyhexanoate. 

Examples of PHA homopolymers include polylactic acid, polyglycolic acid, poly 3- 
hydroxyalkanoates (e.g., poly 3-hydroxypropionate, poly 3-hydroxybutyrate, poly 3- 
hydroxyhexanoate, poly 3-hydroxyheptanoate, poly 3-hydroxyoctanoate, poly 3- 
hydroxydecanoate, poly 3-hydroxydodecanoate), poly 4-hydroxyalkanoates (e.g., poly 4- 

30 hydroxybutyrate), poly 5-hydroxyalkanoates (e.g., poly 5-hydroxypentanoate), and poly 6- 
hydroxyalkanoates (e.g., poly 6-hydroxyhexanoate). 
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Examples of PHA copolymers include polylactic acid-co-glycolic acid, poly 3- 
hydroxybutyrate-co-3-hydroxypropionate, poly 3-hydroxybutyrate-co-3-hydroxyvalerate, poly 3- 
hydroxybutyrate-co-3-hydroxyhexanoate, poly 3-hydroxybutyrate-co-4-hydroxybutyrate, poly 3- 
hydroxybutyrate-co-4-hydroxyvalerate, poly 3-hydroxybutyrate-co-6-hydroxyhexanoate, poly 3- 
hydroxybutyrate-co-3-hydroxyheptanoate, poly 3'hydroxybutyrate-co-3-hydroxyoctanoate, poly 
3-hydroxybutyrate-co-3-hydroxydecanoate, poly 3-hydroxybutyrate-co-3-hydroxydodecanotate, 
poly 3-hydroxybutyrate-co-3-hydroxyoctanoate -co-3-hydroxydecanoate, poly 3- 
hydroxydecanoate-co-3-hydroxyoctanoate, and poly 3-hydroxybutyrate-co-3- 
hydroxyoctadecanoate. Although examples of PHA copolymers having two different monomer 
units have been provided, a PHA can have more than two different monomer units (e.g., three 
different monomer units (for example , poly 3-hydroxybutyrate-co-3-hydroxyvalerate -co-3- 
hydroxyhexanoate), four different monomer units, five different monomer units (e.g., poly 3- 
hydroxybutyrate-co-3-hydroxyhexanoate-co-3-hydroxyoctanoate-co-3-hydroxydecanoate-co-3- 
hydroxydodecanoate-co-3-hydroxydodecenoate, in which the 3-hydroxybutyrate monomer 
content can be greater than 70% by weight), six different monomer units, seven different 
monomer units, eight different monomer units, nine different monomer units, etc.). 

A subset of blends includes those having two different PHA blend components, e.g., a 
PHA(l) and a PHA(2), with PHA(l) being different from PHA(2). 

In some embodiments, PHA(l) can be a homopolymer having a monomer unit of formula 
(I), or a copolymer having two different comonomers of formula (II) and formula (III). When 
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PHA(l) is a homopolymer, can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and R^^ can be hydrogen, 
C1-C16 alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, C7 alkyl, Cg alkyl, C9 
alkyl, Cio alkyl, Cn alkyl, C12 alkyl, C13 alkyl. Cm alkyl, C15 alkyl, C^6 alkyl), or C2-C16 alkenyl 
(e.g., C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 alkenyl, Cg alkenyl, C9 
alkenyl, Cio alkenyl, Cn alkenyl, C12 alkenyl, Cn alkenyl, C14 alkenyl, C15 alkenyl, C16 alkenyl). 
The term "alkyl" refers to a hydrocarbon chain that may be a straight chain or branched chain 
containing the indicated number of carbon atoms. For example, Ci-Ce alkyl indicates that the 
group may have from 1 to 6 (inclusive) carbon atoms in it. The term "alkenyl" refers to a 
straight or branched hydrocarbon chain having one or more double bonds. Examples of alkenyl 
groups include, but are not limited to, allyl, propenyl, 2-butenyl, 3-hexenyl and 3-octenyl groups. 
One of the double bond carbons may optionally be the point of attachment of the alkenyl 
substituent. In certain embodiments, 1-6 (e.g., 1-5, 1-4, 1-3, 1-2) and at least one 
methylene group (-CH2-) is present between the carbonyl group (C=0) and the carbon bearing 
the sidechain, R"*. When PHA(l) is a copolymer, m can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and 
R' can be hydrogen, Ci-Cie alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, 
C7 alkyl, Cg alkyl, C9 alkyl, Cio alkyl, Cn alkyl, C12 alkyl, C13 alkyl. Cm alkyl, C15 alkyl, Cie 
alkyl), or C2-C16 alkenyl (e.g., C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 
alkenyl, Cg alkenyl, C9 alkenyl, Cio alkenyl, Cu alkenyl, C12 alkenyl, C13 alkenyl, C14 alkenyl, 
Ci5 alkenyl, C16 alkenyl). in formula (II), and n can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and R'' 
can be hydrogen, Ci-Cie alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, C7 
alkyl, Cg alkyl, C9 alkyl, Cio alkyl, Cn alkyl, C12 alkyl, Cn alkyl, C14 alkyl, C15 alkyl, C16 alkyl), 
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or C2-C16 alkenyl (e.g., C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 alkenyl, Cg 
alkenyl, C9 alkenyl, do alkenyl, Cn alkenyl, C12 alkenyl, C13 alkenyl. Cm alkenyl, C15 alkenyl, 
C16 alkenyl). in formula (III). In certain embodiments, both m and n are 1-6 (e.g., 1-5, 1-4, 1-3, 
1-2) and at least one methylene group (-CH2-) is present between the carbonyl group (C=0) and 
the carbons bearing the sidechains, and \ In general, can be different from \ and/or m 
can be different from n. The values for R\ \ m, and n can be selected independently of one 
another. 

In some embodiments, PHA(2) can be a homopolymer having a monomer unit of formula 
(IV),or a copolymer having two different comonomers of formula (V) and formula (VI). When 



R^" H O 




PHA(2) is a homopolymer, p^ can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and R^^ can be hydrogen, 
C,-Ci6 alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, C7 alkyl, Cg alkyl, C9 
alkyl, Cio alkyl, Cu alkyl, C12 alkyl, Cn alkyl, C14 alkyl, C15 alkyl, C16 alkyl), or C2-C16 alkenyl 
(e.g., C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 alkenyl, Cg alkenyl, C9 
alkenyl, Cio alkenyl, Cn alkenyl, C12 alkenyl, C13 alkenyl, C14 alkenyl, C15 alkenyl, C16 alkenyl).. 
In certain embodiments, p*^ is 1-6 (e.g., 1-5, 1-4, 1-3, 1-2) and at least one methylene group (- 
CH2-) is present between the carbonyl group (C=0) and the carbon bearing the sidechain, R^^. 
When PHA(2) is a copolymer, p can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and R^ can be hydrogen, 
C1-C16 alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, C7 alkyl, Cg alkyl, C9 
alkyl, Cio alkyl, Cn alkyl, C12 alkyl, C13 alkyl, C14 alkyl, C15 alkyl, C16 alkyl), or C2-C16 alkenyl 
(e.g., C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 alkenyl, Cg alkenyl, C9 
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alkenyl, Cio alkenyl, Cu alkenyl, C12 alkenyl, C13 alkenyl. Cm alkenyl, C15 alkenyl, Cie alkenyl). 
in formula (V), and q can be 0-6 (e.g., 0-5, 0-4, 0-3, 0-2, 0-1) and R^' can be hydrogen, Ci-Cie 
alkyl (e.g., Ci alkyl, C2 alkyl, C3 alkyl, C4 alkyl, C5 alkyl, Ce alkyl, C7 alkyl, Cg alkyl, C9 alkyl, 
Cio alkyl, Cu alkyl, C12 alkyl, C13 alkyl. Cm alkyl, C15 alkyl, Cie alkyl), or C2-C16 alkenyl (e.g., 
C2 alkenyl, C3 alkenyl, C4 alkenyl, C5 alkenyl, Ce alkenyl, C7 alkenyl, Cg alkenyl, C9 alkenyl, Ck 
alkenyl, Cu alkenyl, C12 alkenyl, C13 alkenyl. Cm alkenyl, C15 alkenyl, Cie alkenyl). in formula 
(VI). In certain embodiments, both p and q are 1-6 (e.g., 1-5, 1-4, 1-3, 1-2) and at least one 
methylene group (-CH2-) is present between the carbonyl group (C=0) and the carbons bearing 
the sidechains, and R^'. In general, R^ can be different from R^ , and/or p can be different 
from q. The values for R , R , p, and q can be selected independently of one another. 

In some embodiments, blends having two PHA components can include: homopolymer- 
homopolymer blends (both PHA(l) and PHA(2) are homopolymers, Blend Type H-H in Table 
1); homopolymer-copolymer blends (e.g., PHA(l) is a homopolymer and PHA(2) is a 
copolymer. Blend Type H-C in Table 1); and copolymer-copolymer blends (e.g., PHA(1) is a 
copolymer and PHA(2) is a copolymer, Blend Type C-C in Table 1). The combinations are 
summarized in Table 1 along with the appropriate monomer or comonomer formulas (I)-(VI). 
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Table 1 . Summary of Blends Having 2 PHA Components. 



Blend Type 


PHA(l) 
monomer/comonomer 
formula 


PHA(1) 

monomer/comonomer 
formula 


H-H 


(I) 


(IV) 


H-C 


(I) 


(V)(VI) 


C-C 




(V)(VI) 



H-H blends include poly 3-hydroxybutyrate (PHB, m^ = 1, R'*" =CH3 in (I)) as one of the 
5 PHA components. In certain embodiments, an H-H blend includes PHB as the major component 
blended with a PHA having a longer sidechain, e.g. poly 3-hydroxyoctanoate (PHO, p^ = 1, R^^ 
= (CH2)4CH3 in formula (IV)). In another embodiment, an H-H blend includes poly 3- 
hydroxybutyrate PHB as the major component blended with poly 4-hydroxybutyrate as the minor 
component. 

10 H-C blends include poly 3-hydroxybutyrate (PHB, m^ = 1, R'** =CH3 in formula (I)) as 

the homopolymer PHA component. The copolymer component preferably includes 3- 
hydroxybutyrate as one comonomer (p = 1, R^ =CH3 in formula (V)) and either a branched, e.g., 
3-hydroxyvalerate (q = 1, R^' = CH2CH3 in formula (VI)) or 3-hydroxyhexanoate ((q = 1, R^' = 
CH2CH2CH3 in formula (VI)), or unbranched, e.g., 4-hydroxybutyrate (q = 2, R^' = H in formula 

15 (VI)) as the other comonomer. Comonomer (VI) may also include, e.g., 3-hydroxyoctanoate (q 
= 1, R^' = CH2CH2CH2CH2CH3 in foraiula (VI)). 

A copolymer can have at most about 1 weight percent of one comonomer (e.g., at most 
about 3 weight percent of one comonomer, at most about 7 weight percent of one comonomer, at 
most about 10 weight percent of one comonomer, at most about 13 weight percent of one 

20 comonomer, at most about 15 weight percent of one comonomer, at most about 20 weight 

percent of one comonomer, at most about 25 weight percent of one comonomer, at most about 30 
weight percent of one comonomer, at most about 3 1 weight percent of one comonomer, at most 
about 32 weight percent of one comonomer, at most about 33 weight percent of one comonomer, 
at most about 34 weight percent of one comonomer, at most about 35 weight percent of one 

25 comonomer, at most about 40 weight percent of one comonomer, at most about 45 weight 
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percent of one comonomer, at most about 50 weight percent of one comonomer, at most about 60 
weight percent of one comonomer, at most about 75 weight percent of one comonomer, at most 
about 85 weight percent of one comonomer, at most about 95 weight percent of one comonomer, 
at most about 99 weight percent of one comonomer) and at most about 1 weight percent of the 
5 other comonomer (e.g., at most about 3 weight percent of the other comonomer, at most about 7 
weight percent of the other comonomer, at most about 10 weight percent of the other 
comonomer, at most about 13 weight percent of the other comonomer, at most about 15 weight 
percent of the other comonomer, at most about 20 weight percent of the other comonomer, at 
most about 25 weight percent of the other comonomer, at most about 30 weight percent of the 

1 0 other comonomer, at most about 3 1 weight percent of the other comonomer, at most about 32 
weight percent of the other comonomer, at most about 33 weight percent of the other 
comonomer, at most about 34 weight percent of the other comonomer, at most about 35 weight 
percent of the other comonomer, at most about 40 weight percent of the other comonomer, at 
most about 45 weight percent of the other comonomer, at most about 50 weight percent of the 

15 other comonomer, at most about 60 weight percent of the other comonomer, at most about 75 
weight percent of the other comonomer, at most about 85 weight percent of the other 
comonomer, at most about 95 weight percent of the other comonomer, at most about 99 weight 
percent of the other comonomer). 

Exemplary H-C blends include poly 3-hydroxybutyrate blended with poly 3- 

20 hydroxybutyrate-co-1 l%'-4-hydroxybutyrate and poly 3-hydroxybutyrate blended with poly 3- 
hydroxybutyrate-co-33%-4-hydroxybutyrate, poly3-hydroxybutyrate blended with poly3- 
hydroxybutyrate-co-6%-3-hydroxyhexanoate. Other exemplary H-C blends include poly 3- 
hydroxybutyrate blended with poly 3-hydroxybutyrate-co-X, in which X is selected from 3- 
hydroxyhexanoate, 3-hydroxyoctanoate, 3-hydroxydecanoate, 3-hydroxydodecanoate, and 3- 

25 hydroxydodecenoate. In some embodiments, the blends contain at least about 70 weight percent 
of the homopolymer, poly 3-hydroxybutyrate. 

In some embodiments, a blend can include a homopolymer (e.g., polylactic acid) blended 
with a homopolymer or copolymer having a relatively low Tg (e.g., a Tg below about 0°C, a Tg 
below about -5°C, a Tg below about -10°C, a Tg below about -15°C, a Tg below about -20°C, a 

30 Tg below about -25°C, a Tg below about -25°C, a Tg below about -30°C, a Tg below about - 
35°C, a Tg below about -40°C, a Tg below about -45°C, a Tg below about 
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-50°C, a Tg below about -55°C). In some embodiments, the blend can be an H-H blend or an H- 
C blend. For example, poly(lactic acid) can be blended with poly(4-hydroxybutyrate. 
C-C blends may include one of the following comonomer combinations. 
In some embodiments, each of the comonomers is a different monomer unit, e.g., 
5 comonomer (II), comonomer (III), comonomer (V), and comonomer (VI) are all different from 
one another, e.g., (II) ^ (III) ^ (V) ^ (VI). In certain embodiments, comonomers (II), (III), (IV), 
and (V) are selected from 3-hydroxybutyrate, 3-hydroxypropionate, 3-hydroxyvalerate, 4- 
hydroxybutyrate, 3-hydroxyhexanoate or 3-hydroxyoctanoate. 

In some embodiments, one of the comonomers in PHA(l) can be the same as one of the 

10 comonomers in PHA(2), e.g., comonomer (II) and comonomer (V) can be the same comonomer, 
and the other comonomer in PHA(l) can be different from the other comonomer in PHA(2), e.g., 
(II) = (V) 9^ (III) 9^ (VI). In certain embodiments, (II) and (V) can be 3-hydroxybutyrate and (III) 
and (VI) can be selected from 3-hydroxyvalerate, 4-hydroxybutyrate, 3-hydroxyhexanoate or 3- 
hydroxyoctanoate, provided that (III) and (V) are different comonomers. 

15 In some embodiments, PHA(1) and PHA(2) can be the same copolymer, e.g., (II) = (V) ^ 

(in) = (VI), in which the ratios of (II)/(in) are different from (V)/(VI). In certain embodiments, 
(II) and (V) can both be 3-hydroxybutyrate and (III) and (VI) can both be, e.g., 4- 
hydroxybutyrate, 3-hydroxyhexanoate or 3-hydroxyoctanoate. In some embodiments, it may not 
be desirable to have (II) = (V) = 3-hydroxybutyrate and (III) = (VI) = 3-hydroxyvalerate, in 

20 which the copolymer is poly 3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV). While not 
wishing to be bound by theory, PHBV is isodimorphic (the 3-hydroxyvalerate fits into the 3- 
hydroxybutyrate crystal lattice and vice versa), and as a result, the final degree of crystallinity of, 
e.g., PHBV(8%), and, e.g., PHBV(20%), can be the same. 

Each copolymer may have, independently, at most about 1 weight percent of one 

25 comonomer (e.g., at most about 3 weight percent of one comonomer, at most about 7 weight 

percent of one comonomer, at most about 10 weight percent of one comonomer, at most about 13 
weight percent of one comonomer, at most about 15 weight percent of one comonomer, at most 
about 20 weight percent of one comonomer, at most about 25 weight percent of one comonomer, 
at most about 30 weight percent of one comonomer, at most about 3 1 weight percent of one 

30 comonomer, at most about 32 weight percent of one comonomer, at most about 33 weight 

percent of one comonomer, at most about 34 weight percent of one comonomer, at most about 35 



28 



14074-014001 / 

weight percent of one comonomer, at most about 40 weight percent of one comonomer, at most 
about 45 weight percent of one comonomer, at most about 50 weight percent of one comonomer, 
at most about 60 weight percent of one comonomer, at most about 75 weight percent of one 
comonomer, at most about 85 weight percent of one comonomer, at most about 95 weight 
5 percent of one comonomer, at most about 99 weight percent of one comonomer) and at most 

about 1 weight percent of the other comonomer (e.g., at most about 3 weight percent of the other 
comonomer, at most about 7 weight percent of the other comonomer, at most about 10 weight 
percent of the other comonomer, at most about 13 weight percent of the other comonomer, at 
most about 15 weight percent of the other comonomer, at most about 20 weight percent of the 

10 other comonomer, at most about 25 weight percent of the other comonomer, at most about 30 
weight percent of the other comonomer, at most about 3 1 weight percent of the other 
comonomer, at most about 32 weight percent of the other comonomer, at most about 33 weight 
percent of the other comonomer, at most about 34 weight percent of the other comonomer, at 
most about 35 weight percent of the other comonomer, at most about 40 weight percent of the 

15 other comonomer, at most about 45 weight percent of the other comonomer, at most about 50 
weight percent of the other comonomer, at most about 60 weight percent of the other 
comonomer, at most about 75 weight percent of the other comonomer, at most about 85 weight 
percent of the other comonomer, at most about 95 weight percent of the other comonomer, at 
most about 99 weight percent of the other comonomer). 

20 Exemplary C-C blends include poly 3-hydroxybutyrate-co-8%-3-hydroxyvalerate 

blended with poly 3-hydroxybutyrate-co-33%-4-hydroxybutyrate; poly 3-hydroxybutyrate-co- 
6%-3-hydroxyhexanoate blended with poly 3-hydroxybutyrate-co-33%-4-hydroxybutyrate; poly 
3"hydroxybutyrate-co-7%-4-hydroxybutyrate blended with poly 3-hydroxybutyrate-co-33%-4- 
hydroxybutyrate; poly 3-hydroxybutyrate-co-8%-3-hydroxyvalerate blended with poly 3- 

25 hydroxybutyrate-co-20%-3-hydroxyhexanoate and polylactic acid blended with poly 3- 
hydroxybutyrate-co-33%-4-hydroxybutyrate. 

Another subset of blends includes those having two different PHA blend components, 
e.g., a PHA(l) and a PHA(2), with PHA(l) being different from PHA(2), and one of PHA(l) and 
PHA(2) is a copolymer having at least three different monomer units (e.g., at least four different 

30 monomer units, at least five different monomer units, at least six different monomer units, at 

least seven different monomer units, at least eight different monomer units, at least nine different 
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monomer units, at least ten different monomer units). In some embodiments, PHA(l) can be a 
homopolymer, e.g., poly 3-hydroxybutyrate and PHA(2) can be a copolymer having 3-7 different 
monomer imits (3, 4, 5, 6, or 7 different monomer units). Examples can include poly 3- 
hydroxybutyrate blended with poly 3-hydroxybutyrate-co-3-hydroxyvalerate -co-3- 
5 hydroxyhexanoate, and poly 3-hydroxybutyrate blended with poly 3-hydroxybutyrate-co-3- 
hydroxyhexanoate-co-3-hydroxyoctanoate-co-3-hydroxydecanoate-co-3-hydroxydodecanoate- 
co-3-hydroxydodecenoate. In some embodiments, the comonomer can have at least about 60% 
(at least about 70%, at least about 80%, at least about 90%) of the 3-hydroxybutyrate 
comonomer. In some embodiments, the blend can have at least about 50% of poly(3- 

10 hydroxybutyrate) (e.g., at least about 60%, at least about 70%, at least about 80%, at least about 
90%, at least about 95%, at least about 99%). 

In certain embodiments, the PHA can be derived from biomass, such as plant biomass 
and/or microbial biomass (e.g., bacterial biomass, yeast biomass, fungal biomass). Biomass- 
derived PHA can be formed, for example, via enzymatic polymerization of the monomer units. 

15 The biomass can be formed of one or more of a variety of entities. Such entities include, for 
example, microbial strains for producing PHAs (e.g., Alcaligenes eutrophus (renamed as 
Ralstonia eutropha). Bacillus, Alcaligenes latus, Azotobacter, AeromonaSy Comamonas, 
Pseudomonads), genetically engineered organisms, for producing PHAs (e.g., Pseudomonas, 
Ralstonia, Escherichia coli, Klebsiella), yeasts for producing PHAs, and plant systems for 

20 producing PHAs. Such entities are disclosed, for example, in Lee, Biotechnology & 

Bioengineering 49:U14 (1996); Braunegg et al., (1998), J. Biotechnology 65: 127-161; Madison, 
L. L. and Huisman, G. W. (1999), Metabolic Engineering of Poly(3-Hydroxyalkanoates): From 
DNA to Plastic. Microbiol. Mol. Biol. Rev. 63, 21-53; and Snell and Peoples 2002, Metabolic 
Engineering 4: 29-40, which are hereby incorporated by reference. 

25 In certain embodiments, the PHA can be derived by chemical synthesis, such as by the 

ring opening polymerization of p-lactone monomers using various catalysts or initiators such as 
aluminoxanes, distannoxanes, or alkoxy-zinc and alkoxy-aluminum compounds (see Agostini, 
D.E. et al. Polym. Sci., Part A-1, 9: 2775-2787 (1971); Gross, R.A. et al., Macromolecules 
21:2657-2668 (1988); Dubois, P.I. etal, Macromolecules, 26:4407-4412 (1993); LeBorgne, A. 

30 and Spassky, N. Polymer, 30:2312-2319 (1989); Tanahashi, N. and Doi, Y. Macromolecules, 

24:5732-5733 (1991); Hori, Y.M. etal, Macromolecules, 26:4388-4390 (1993); Kemnitzer, J.E. 
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et al, Macromolecules, 26:1221-1229 (1993); Hon, Y.M. et al. Macromolecules, 26:5533-5534 
(1993); Hocking, PJ. and Marchessault, R.H., Pofym Bull., 30: 163-170 (1993). The PHA can 
also be obtained by condensation polymerization of esters (see Hubbs, J.C. and Harrison, M.N. 
U.S. Patent No.: 5,563, 239) or by chemoenzymatic methods (see Xie, et al., Macromolecules, 
5 30:6997-6998 (1997)). 

In some embodiments, a relatively low molecular weight PHA can be obtained as 
follows. A PHA of a weight average molecular weight of at least about 10,000 Daltons (e.g., at 
least about 80,000 Daltons, at least about 100,000 Daltons, at least about 150,000 Daltons, at 
least about 200,000 Daltons, at least about 300,000 Daltons, prepared, at least about 400,000 

10 Daltons, at least about 500,000 Daltons, at least about 600,000 Daltons, at least about 700,000 
Daltons, at least about 800,000 Daltons, at least about 900,000 Daltons, at least about 1,000,000 
Daltons, at least about 1,600,000 Daltons, at least about 2,000,000 Daltons) is prepared (e.g., by 
one of the methods described above). The PHA is then subjected to an acid hydrolysis reaction 
during which the hydrolytic cleavage of one or more monomer units from the PHA can occur. 

15 The loss of one or more monomer units can result in the production of a lower molecular weight 
PHA (a PHA with fewer monomer units than the PHA introduced at the beginning of the 
hydrolysis reaction). The acid hydrolysis reaction can occur in the presence of a strong acid 
catalyst, e.g. sulfuric or hydrochloric acid. The reaction can be performed at ambient 
temperature or elevated temperatures of at least about TO^'C (e.g., at least about 80''C, at least 

20 about 90°C, at least about lOO^C, at least about 1 lO^C, at least about 120^C, at least about 130^C, 
at least about 140°C). The reaction can optionally be carried out in the presence of alcohols, 
diols or polyols, whereby a lower molecular weight PHA can be obtained in which the terminal 
carboxyl group of the PHA can be esterifed. PHA hydrolysis reactions are described in 
commonly owned, copending U.S. Patent AppUcation 09/999,782 (Publication Date: June 6, 

25 2002; Publication No.: US 2002/0068810 Al), which is hereby incorporated by reference. 

In general, the PHA blends can be prepared as solvent blends, emulsion blends, or melt 
blends. Solvent blending generally involves dissolution of the PHA blend components in a 
solvent, e.g., an organic solvent, and casting the solution as a fibn. Emulsion blending generally 
involves combining the blend components in two or more immiscible solvents to form an 

30 emulsion and casting the emulsion as a film. Finally, melt blending generally involves 
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combining the blend components in melt form in which the components are relatively free of 
solvents. 

In certain embodiments, a PHA blend can be prepared by solvent blending. For example, 
PHA components can be dissolved in a solvent or solvent mixture to form a solution that 
5 contains at most about 50 weight percent of the PHAs (e.g., at most about 45 weight percent of 
the PHAs, at most about 40 weight percent of the PHAs, at most about 35 weight percent of the 
PHAs, at most about 30 weight percent of the PHAs, at most about 25 weight percent of the 
PHAs, at most about 20 weight percent of the PHAs, at most about 15 weight percent of the 
PHAs, at most about 14 weight percent of the PHAs, at most about 13 weight percent of the 

10 PHAs, at most about 12 weight percent of the PHAs, at most about 1 1 weight percent of the 
PHAs, at most about 10 weight percent of the PHAs, at most about 9 weight percent of the 
PHAs, at most about 8 weight percent of the PHAs, at most about 7 weight percent of the PHAs, 
at most about 6 weight percent of the PHAs, at most about 5 weight percent of the PHAs, at most 
about 2.5 weight percent of the PHAs, at most about 1 weight percent of the PHAs). In other 

15 embodiments, each PHA component can be prepared as a separate solution, and the solutions can 
subsequently be combined. ^ 

In general, a solvent can be selected as desired. Examples of organic solvents include 
hexane, heptane, benzene, toluene, ether, methyl tert-hutyl ether (MTBE), ethyl acetate, butyl 
acetate, methylene chloride, chloroform, acetonitrile, methanol, ethanol, isopropanol, and 2,2,2- 

20 trifluoroethanol, methyl isobutyl ketone (MIBK), cyclohexanone, butyl-acetate. Solvents and 
solvent systems useful for the extraction of polymers from biomass may also be used and are 
disclosed in United States Patent Application Serial No.: 60/401,498, filed on August 6, 2002, 
and entitled "Solvent Extraction System;" United States Patent 5,213,976, entitled "Process for 
obtaining a polyhydroxyalkanoate from the cell material of a microogranism;" United States 

25 Patent 5,82 1 ,299, entitled "Solvent Extraction of Polyhydroxy-Alkanoates from Biomass 
Facilitated by the Use of Marginal Nonsolvent;" United States Patent 5,894,062, entitled 
"Process for the Recovery of Polyhydroxyalkanoic Acid;" United States Patent 5,942,597, 
entitled "Solvent Extraction of Polyhydroxyalkanoates from Biomass;" United States Patent 
6,043,063, entitled "Methods of PHA Extraction and Recovery Using Non-Halogenated 

30 Solvents;" United States Patent 6,087,471, entitled "High Temperature PHA Extraction Using 

PHA-Poor Solvents;" Brazil Patent Application Abstract PI 9302312-0 A, pubUshed on February 
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7, 1995, entitled "The Biopolymer Extraction Process;" WO 98/46782, published on October 22, 
1998, entitled "Methods of PHA Extraction and Recovery Using Non-Halogenated Solvents;" 
and WO 01/68890 A2, published on September 20, 2001, entitled "Prevention of Gelation of 
Polyhydroxyalkanoate Solutions Using Shear;" each of which is incorporated herein by 
5 reference. 

The solvent can be a single or mixed solvent. In certain embodiments, the solvent can be 
a mixed solvent system comprising two or more solvents. Such solvent systems include 
homogeneous mixed aqueous solvent mixtures (e.g., acetonitrile/water), homogeneous mixed 
organic solvent mixtures (e.g., MTBE/butylacetate, cyclohexanone/heptane, butylacetate/methyl 

10 isobutyl ketone), heterogeneous mixed organic solvent mixtures (e.g., heptane/acetonitrile, 

toluene/ethanol, toluene/methanol,) or heterogeneous mixed organic solvent/water mixtures (e.g., 
coalescing solvents, e.g. toluene/water). 

The PHA blend solution can be applied to a surface (e.g., by machine or by hand) to form 
a layer (e.g., a substantially uniform layer) of the PHA blend solution on the surface. In some 

15 embodiments, the blend layer can have a thickness of at most about 300 microns ()x) (e.g., at 
most about 275|i, at most about 250|a, at most about 225|i, at most about 200|a, at most about 
175|i, at most about 150|a). 

Some or all of the solvent can then be removed to leave behind a layer of the PHA blend 
on the surface. In certain embodiments, solvent removal can be carried out by natural 

20 evaporation (e.g., under ambient conditions with substantially no deliberate displacement of 

solvent vapors from the vicinity of the substrate or forced evaporation). In some embodiments, 
solvent removal can be carried out by deliberate displacement of solvent vapors from the vicinity 
of the blend (e.g., by a directed stream of air or an inert gas, such as nitrogen or argon). In other 
embodiments, the solvent may be removed by one of the methods described above followed 

25 removing residual solvent from the blend at reduced pressure, e.g., at a pressure of about 5 torr 
(about 1 torr, about 0.10 torr, about 0.05 torr). Solvent removal can be carried out, for example, 
at a temperature of at most about 60''C (e.g., at most about SO^'C, at most about 40°C, at most 
about 35^C, at most about 30**C, at most about 25T, at most about 20^*0, at most about 15T). 
The extent of solvent removal can be monitored by gravimetric methods (e.g. drying of 

30 the blend until a constant weight of the blend is achieved) or spectroscopic techniques (e.g.. 
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removing a sample of the blend from the substrate surface and obtaining a NMR spectrum of 
the sample to detect the solvent). 

In some embodiments, a PHA blend can contain one or more solvents. For example, in 
certain embodiments, a PHA blend adhesive composition can contain at most about 90 weight 
5 percent solvent (e.g., at most about 80 weight percent solvent, at most about 75 weight percent 
solvent, at most about 70 weight percent solvent, at most about 65 weight percent solvent, at 
most about 60 weight percent solvent, at most about 55 weight percent solvent, at most about 50 
weight percent solvent, at most about 45 weight percent solvent, at most about 40 weight percent 
solvent, at most about 35 weight percent solvent, at most about 30 weight percent solvent, at 

10 most about 25 weight percent solvent, at most about 20 weight percent solvent. 

In certain embodiments, a PHA blend can contain one or more components in addition to 
the PHA's. In some embodiments, the additional component can be a biodegradable additive, 
e.g., thermoplastic starches, polyvinyl alcohol polymers, synthetic biodegradable polymers. In 
other embodiments, the additional component can be an performance additive, e.g., an adhesive 

15 performance additive, e.g., a tackifier, a cross-linking agent, a wax. In some embodiments, a 
PHA blend can contain a nucleating agent, e.g., cyanuric acid. Nucleating agents having 
desirable properties are described in U.S. Provisional Application (Attorney Docket No. 14074- 
015P01) entitled "Nucleating Agents," and filed on December 30, 2003, which is hereby 
incorporated by reference. 

20 In some embodiments, a PHA blend can contain at most about 95 weight percent (e.g., at 

most about 90 weight percent, at most about 80 weight percent, at most about 70 weight percent, 
at most about 60 weight percent, at most about 50 weight percent, at most about 40 weight 
percent, at most about 30 weight percent, at most about 20 weight percent, at most about 10 
weight percent, at most about five weight percent, at most about one weight percent) of one or 

25 more additional components and/or at least about 5 weight percent total PHA (e.g., at least about 
10 weight percent total PHA, at least about 20 weight percent total PHA, at least about 30 weight 
percent total PHA, at least about 40 weight percent total PHA, at least about 50 weight percent 
total PHA, at least about 60 weight percent total PHA, at least about 70 weight percent total 
PHA, at least about 80 weight percent total PHA, at least about 90 weight percent total PHA, at 

30 least about 95 weight percent total PHA, at least about 99 weight percent total PHA). 
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In certain embodiments, a PHA blend can contain one or more adhesive additives. For 
example, in some embodiments, a PHA adhesive composition can contain at most about 95 
weight percent adhesive additive (e.g., at most about 90 weight percent adhesive additive, at 
most about 85 weight percent adhesive additive, at most about 80 weight percent adhesive 
5 additive, at most about 75 weight percent adhesive additive, at most about 70 weight percent 
adhesive additive, at most about 65 weight percent adhesive additive, at most about 60 weight 
percent adhesive additive, at most about 55 weight percent adhesive additive, at most about 50 
weight percent adhesive additive, at most about 45 weight percent adhesive additive, at most 
about 40 weight percent adhesive additive, at most about 35 weight percent adhesive additive, at 

10 most about 30 weight percent adhesive additive, at most about 25 weight percent adhesive 
additive, at most about 20 weight percent adhesive additive, at most about 15 weight percent 
adhesive additive, at most about 10 weight percent adhesive additive, at most about 5 weight 
percent adhesive additive, at most about 1 weight percent adhesive additive, at most 0.5 weight 
percent adhesive additive) with the remainder being one or more PHAs and optionally one or 

15 more solvents. 

Examples of adhesive additives include tackifiers (e.g., hydrocarbon tackifying resins). 
Hydrocarbon tackifying resins are commercially available, for example, as a terpene-type resin, 
(tradename ZONOREX , Arizona Chemical Company) or a phenolic modified terpene resin 
(tradename PICOTEX, Hercules Corporation). 

20 In some embodiments, the substrate surface containing the layer of the PHA blend 

adhesive composition can be used for forming an adhesive bond with a second substrate surface 
when the PHA adhesive composition contains at most about 10 weight percent (e.g., at most 
about 9 weight percent, at most about 8 weight percent, at most about 7 weight percent, at most 
about 6 weight percent, at most about 5 weight percent, at most about 4 weight percent, at most 

25 about 3 weight percent, at most about 2 weight percent, at most about 1 weight percent, at most 
0.5 weight percent, at most 0.1 weight percent) solvent. 

In certain embodiments, a PHA blend adhesive composition can be formed by placing a 
PHA blend between two substrate surfaces and pressing the surfaces with a pressure (e.g., at 
most about 10 psig, at most about 5 psig, at most about 1 psig) at a desired temperature (e.g., at 

30 most about 130T (e.g., at most about 120T, at most about 1 lO^'C, at most about lOO^'C, at most 
about 90'*C, at most about 80*'C) for a period of time (e.g., at most about 30 seconds, at most 
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about 20 seconds, at most about 15 seconds, at most about 10 seconds, at most about 5 seconds, 
at most about 1 second). For example, a household iron can be used during this process. The 
pressed substrate surfaces can then be cooled (e.g., to at most about 20°C, at most about IS'^C, at 
most about lO^^C) for a period of time (e.g., at least about 5 minutes , at least about 10 minutes, at 
5 least about 15 minutes). The substrate surfaces can then be separated and stored at a desired 
temperature (e.g., at least about 20°C, at least about 23*^0, at least about 25^*0, at least about 
2TC) for a period of time (e.g., at least about 60 minutes, at least about 70 minutes, at least 
about 80 minutes, at least about 90 minutes, at least about 100 minutes). 

In certain embodiments, when two surfaces are to be adhered to one another, one 
10 substrate surface can be coated with the adhesive composition and the second surface can be 
uncoated. In other embodiments, both surfaces can be coated with the PHA blend adhesive 
composition. 

In certain embodiments, lamination can be carried out by applying pressure over the area 
of the contacted substrate surfaces, wherein the surfaces are disposed on a horizontal platform. 

15 The laminating pressure can be applied with, for example, the pahn of a human hand, a hand- 
operated roller, or mechanical press. 

Each substrate surface can represent a top, side, bottom, etc. of any article. In certain 
embodiments, the substrate surface can be an overlaying surface which is secured to the top, 
side, bottom, etc. of any article (e.g., a plastic film lining a cardboard box interior or exterior). In 

20 some embodiments, the two substrate surfaces to be laminated can be located on the same article 
e.g., two overlapping flaps used to seal the contents of a box or similar container. In other 
embodiments, the two substrate surfaces to be laminated can be located on two separate articles. 
The substrate surfaces can be composed of materials, which can include, for example. Mylar, 
paper, coated paper, poly(ethylene terephthalate) (PET), PHA films, fibers, non-wovens or other 

25 articles, polylactic acid films, non wovens, food trays or containers, synthetic biodegradable 
polyesters fihns or articles, Cellophane™, or aluminum foil. In certain embodiments, the two 
substrate surfaces to be laminated can be made of the same material. In other embodiments, the 
two substrate surfaces can be made of different materials 

The follow examples are illustrative, and not to be construed as limiting. 

30 

EXAMPLES 
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EXAMPLE 1 
Preparation of PHA Blends 
PHAs were dissolved in chloroform at 3-8 w/w% loading at room temperature under 
agitation, typically 30-60 minutes. The solutions of PHAl and PHA2 were blended in the 
desired ratios and mixed ultrasonically for 3 minutes to ensure complete homogeneity of the 
solutions. The solution is poured into an aluminum foil dish of diameter approximately 5cm to a 
depth of around 3-4mm. The solvent was allowed to evaporate slowly under ambient conditions 
for 2days and the residual solvent then removed by vacuum drying at 5 torr and 50**C. 

The following blends were prepared using this procedure: poly 3-hydroxybutyrate 
blended with poly 3-hydroxyoctanoate (blend 4 in Table 2); poly 3-hydroxybutyrate-co-6%-3- 
hydroxyhexanoate blended with poly 3-hydroxybutyrate-co-33%-4-hydroxybutyrate (blends 8 
and 9 in Table 3); poly 3-hydroxybutyrate-co-7%-4-hydroxybutyrate blended with poly 3- 
hydroxybutyrate-co-33%-4-hydroxybutyrate (blends 6 and 7 in Table 3); poly 3-hydroxybutyrate 
blended with poly 3-hydroxybutyrate-co-l 1%-4-hydroxybutyrate (blends 2 and 3 in Table 3); 
and poly 3-hydroxybutyrate blended with poly 3-hydroxybutyrate-co-33%-4-hydroxybutyrate 
(blends 10 and 11 in Table 3). 

EXAMPLE 2 

Evaluation of PHA Blend Flexibility and Blend Thermal Deformation Resistence 
Comparative compositions 1 and 5 and PHA blends 2-4 were prepared as described 
above (see Table 2) and molded into deformation angle tolerance specimens and thermal 
deformation resistence temperature specimens using the procedure below. 
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Table 2 
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Acrawax 
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Flexibility 


broke within 
5 degree 
deformation 


could not be 
broken even 
up to 120 
degree 
deformation 


could not be 
broken even 
up to 120 
degree 
deformation 


could not be 
broken even 
up to 90 
degree 
deformation 


could not 
be broken 
even up to 
120 degree 
deformation 


Thermal 
Deformation 
(85°C, 2mm 
specimens) 


very brittle, 
easily 
broken, 
would fail 

UlCIldiX IC^l, 

< 1mm 
deflection 


could not be 
broken, 
good 
strength, 

WOlllU pdss 

utensil test; 
1 mm 

deflection 


could not be 
broken, 
good 
strength, 

wouiQ pass 
utensil test; 
2 mm 

deflection 


could not be 
broken, 
good 
strength, 
WOUIQ pass 
utensil test; 
3 mm 
deflection 


could not 

111 
be broken, 

some loss 

in strength, 

would fail 

utensil test; 

5mm 

deflection 


Hansen 

Solubility 

Parameter 


19.93 J/mole 


20.02 J/mole 


20.02 
J/mole 







♦Hansen Solubility Parameter for PHO isl8.67 J/mole 



The above compositions were blended in a Brabender twin screw extruder using a barrel 
temperature profile of: feed port, 180°C; zone 1, 165°C; zone 2, 160°C; Die, 160°C. 

The blends were extruded into a water bath, cooled and granulated. The compounds are 
then injection molded using the same temperature profile in the extmder barrel and a mold 
temperature of 70-80°C. 

The results above demonstrate that blending poly 3-hydroxybutyrate (PHB) with other 
PHAs results in blends having increased flexibility relative to the parent polymer, PHB. The 
increase flexibility is observed with both PHA homopolymers and copolymers. 
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Dynamic mechanical analysis (DMA) was carried out using a TA Instruments model 
2980 unit with a tensile mode attachment. Specimen geometry is 0.1-0.2nmi thick, 10mm wide 
and 50 mm long. The specimen is cooled to -70**C using liquid nitrogen and conditioned for 3 
minutes. The specimen is heated at ST/minute to ISO'^C whilst being subjected to an oscillating 
5 frequency of IHz. DMA analysis of tensile bars showed that compounds 1,2,3 and 5 all 

exhibited a single tan delta peak indicating a single-phase morphology. Compound 4 exhibited 
two tan delta peaks indicating a two-phase morphology. Miscibility of a two component 
polymer blend is defined when only a single glass transition temperature is observed, in which 
the glass transition temperature has an intermediary value between those of the two individual 
10 components. Partial miscibility of two component polymer blend is defined when broadening of 
two resolvable glass transition temperatures is observed, hnmiscibility of a two component 
polymer blend is defined when two glasss transition temperatures is observed, which correspond 
to the glass transition temperatures of the individual components. 

15 

EXAMPLES 

Glass Transition Temperature and Melt Temperature Profile 
of PHA Blends and PHA Blend Components 
Comparative compositions 13-16 and PHA blends 6-12 were prepared as described above 
20 (see Table 2) and molded into samples for analysis (see Table 3). The glass transition 

temperature Tg and peak melting transition were measure by modulate differential scanning 
calorimetry (MDSC). MDSC analyses are carried out using a TA Instruments Q 100 MDSC 
unit. The specimen mass is 5-lOmg, which placed in a sealed aluminum pan. The specimen is 
cooled to 'lO^C and conditioned for 3 minutes. Specimen is heated at 3°C/minute to 200°C whilst 
25 being subjected to an oscillating temperature cycle of 0.6*^C every 60 seconds. The Tg and Tm 
are measured off the reversing heat flow curves. Tan delta was measured using DMA operating 
at IHz frequency with a heating rate of S'^C/minute. 
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Table 3 
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100 








6.8 
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Hansen Solubility Parameters: PHB co 7% 4HB, 19.97 J/mole; 
PHB CO 1 1% HH, 19.85 J/mole;PHB co 33% 4HB, 20.16 J/mole 
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Comparative examples 13-16 all exhibited a single glass transition temperature and 
melting transition. Blends 6 - 12 all exhibited a melting transition about the same as the higher 
melting PHA (the major component) and a Tg similar to the PHA having the lower Tg (the 
minor component). In blends 6-12, the blends essentially retain the Tm of the major PHA blend 
component (larger and more positive Tg and Tm) and exhibit the Tg of the minor PHA blend 
component (smaller and less positive Tg and Tm). The blends exhibit a single Tm and Tg 
demonstrating the partial miscibility, as indicated by a second tan delta peak or a distinct 
shoulder on tan delta curve. 

The films were assessed for flexibility (specimen thickness = 0.25 cm). Example 16 
(PHB) broke easily. Examples 6-15 were more flexible than PHB. The data is summarized in 
Table 4. 



Table 4 



ref6 


did not break at 1 10 degrees 


ref7 


did not break at 130 degrees 


refS 


at 90 degrees, slight stress whitening 


ref9 


did not break at 100 degrees 


ref 10 


did not break at 90 degrees, sUght stress 
whitening 


ref 11 


did break at 80 degrees 


ref 12 


did not break at 90 degrees, slight stress 
whitening 


ref 13 


did not break at 150 degrees 


ref 14 


did not break at 75 degrees, slight stress 
whitening 


ref 15 


did not break at 60 degrees, slight stress 
whitening 


ref 16 


broke at 10 degrees 



Examples 6 and 7 showed improved flexibility over control examples 14 at room 
temperature. After immersion of the samples in water at 85''C, examples 6 and 7 behaved in a 
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similar manner to example 14, showing no apparent reduction in durability. Examples 8 and 9 
showed improved flexibility over control examples 15. After immersion of the samples in water 
at 85C, examples 8 and 9 behaved in a similar manner to example 15, showing no apparent 
reduction in durability. 

EXAMPLE 4 
Preparation and Evaluation of Molded Utensils 

Molded utensils were prepared having the compositions shown in Table 5. The control 
group contained as the PHA component poly(3-hydroxybutyrate) and comparative utensil (1) 
contained as the PHA component a blend of poly(3-hydroxybutyrate) and poly(3- 
hydroxybutyrate-co-4-hydroxybutyrate). 

Table 5. 





control 


1 


PHB CO 11%4HB 




35 


PHB homopolymer 


100 


65 


talc 


30 


30 


Citrasol A4 


2.5 


2.5 


Acrawax 


0.5 


0.5 


cyanuric acid 


0.5 


0.5 



The above formulations were compounded on a twin screw extruder to form pellets. The 
compounds were then injection molded into a single cavity utensil mold using a Simiitomo 
injection molding machine according to the conditions shown in Table 6. 
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Table 6. 
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pp 


PHA 
control 


PHA 
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spoon 


spoon 


spoon 


feed port F 
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430 


360 


360 


Zone 1 F 


F 


435 


330 


330 


Zone 2 F 


F 


440 


320 


320 


DieF 


F 


420 


310 


310 


mold temperature 


F 


50 


110 


110 


Cycle time 


s 


9.0 


8.8 


9.0 


fill time 


s 


0.3 


0.7 


0.7 


plasticization time 


s 


6.8 


3.3 


3.5 


cooling cycle 


s 


3.5 


3.5 


3.5 



F = "Fahrenheit; s = seconds; PP =impact grade polypropylene with melt index 7 

All three utensil were found to have < Smrn deflection after immersion of the utensil in 
an inert liquid maintained 85**C. When assessed for flexibility under ambient conditions, the 
PHA control broke within a 10*" deformation. PP and PHA(1) utensils could not be broken even 
up to 90"* deformation. 

EXAMPLES 
Blown Film Demonstration 
Molten polymer is generated in a singlescrew extruder and is extruded through a ring die 
to form a tube. The tube is drawn for a distance to allow the polymer to crystaUize and then 
closed with nip rollers to provide a seal. Air is introduced into the tube to expand thediameter of 
the tube to about 2-3 times the diameter of the die to produce a stable bubble structure (DR 
Collins Line Configuration: 45 mm screw; L:D 25:1 - LLDPE screw profile; Die diameter 100 
mm - die gap 1 .2 mm Zone). 

Feed 1 2 3 4 5 Die 
Temperature °C 170 166 161 161 155 150 150 
Melt temperature: 145°C 
Screw speed: 17 rpm 
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Table 7 





parts 


PHB CO 8% HV 


80 


PHB CO 33% 4HB 


20 


Citraflex A4 


10 


Cyaniiric acid 


1 



The film having the composition shown in Table 7 produced a blown fibn having a 
tensile strength of 19 M/mm^, 124% elongation at break and a tear strength of 60 N/mm. A 
comparative system based on a film having PHB co 8% HV only along with Citraflex A4 and 
cyanuric acid (no PHB co 33% 4HB present) produced a blown film having a tensile strength of 
22 M/mm^, 40% elongation at break and a tear strength of 5 N/mm. 

Other embodiments are in the claims. 
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